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The S100A9 (MRP14) protein is abundantly expressed in myeloid cells and has been associated with various
inflammatory diseases. The S100A9-deficient mice described here were viable, fertile, and generally of healthy
appearance. The myelopoietic potential of the S100A9-null bone marrow was normal. S100A8, the heterodimer-
ization partner of S100A9 was not detectable in peripheral blood cells, suggesting that even a deficiency in both
S100A8 and S100A9 proteins was compatible with viable and mature neutrophils. Surprisingly, the invasion of
S100A9-deficient leukocytes into the peritoneum and into the skin in vivo was indistinguishable from that in
wild-type mice. However, stimulation of S100A9-deficient neutrophils with interleukin-8 in vitro failed to
provoke an up-regulation of CD11b. Migration upon a chemotactic stimulus through an endothelial monolayer
was markedly diminished in S100A9-deficient neutrophils. Attenuated chemokinesis of the S100A9-deficient
neutrophils was observed by using a three-dimensional collagen matrix migration assay. The altered migratory
behavior was associated with a microfilament system that was highly polarized in unstimulated S100A9-
deficient neutrophils. Our data suggest that loss of the calcium-binding S100A9 protein reduces the respon-
siveness of the neutrophils upon chemoattractant stimuli at least in vitro. Alternative pathways for neutrophil
emigration may be responsible for the lack of any effect in the two in vivo models we have investigated so far.

Two members of the calcium-binding S100 protein family,
S100A9 (MRP14) and S100A8 (MRPS8), contribute up to 40%
of the total cytosolic protein in neutrophils (19). Both proteins
form stable heterodimers that are secreted upon stimulation.
The S100A9- and S100AS8-positive leukocytes belong to the
first group of cells invading inflammatory sites and are consid-
ered part of the unspecific first line of defense against inflam-
matory agents. Both proteins are up-regulated in humans dur-
ing many inflammatory diseases, resulting in increased levels in
serum (12). The heterodimer has long been considered to be
the active principal. However, recent reports suggest that both
proteins may have individual functions and that heterodimer-
ization involves a regulatory process. The SI00A9 and S100A8
molecules seem to be involved in the molecular processes
leading to adhesion and/or (trans)migration. Murine S100A8
has been identified as a strong chemotactic agent (14) and may
act as an antioxidative molecule protecting the inflamed tissue
against the oxidative stress generated by neutrophils (23). Ex-
tracellular SI00A9 modulates the affinity of the Mac-1 integrin
receptor via a G-protein-mediated mechanism (21) and may
also bind to heparan sulfate (27) and carboxylated proteogly-
cans (30) located on endothelial cells, facilitating transmigra-
tion. Heterodimerization with SI00A8 may have a regulatory
role in these phenomena.
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The intracellular functions of both proteins are less well
understood. Several reports have described the association of
both proteins with cytoskeletal elements; however, the func-
tional relevance of these observations has so far not been
shown (26, 32). Furthermore, it was proposed that both pro-
teins are involved in the terminal differentiation of neutrophils
by inhibiting casein kinase (18). The mere abundance of both
calcium-binding proteins in neutrophils implies a role in the
maintenance of calcium homeostasis in these cells.

Recently, S100A8-deficient mice revealed an unexpected
role for this molecule in embryogenesis since the S100A8-
deficient embryos were resorbed by day 9.5 (22). The death of
these animals at the embryonic stage prevented a detailed
functional analysis of S100A8 protein in the adult mouse.
Here, we describe experiments with S100A9-deficient mice.
These mice appear to be phenotypically normal, even in two
inflammatory models. Nonetheless, a detailed analysis of the
S100A9-null neutrophils revealed a disturbed G/F-actin bal-
ance accompanied by a decreased responsiveness to interleu-
kin-8 (IL-8)-mediated CD11b surface recruitment and a re-
duced migration upon chemoattractant stimulation in vitro.

MATERIALS AND METHODS

Antibodies and cytokines. The following monoclonal antibodies (MAbs) were
obtained from BD PharMingen (Heidelberg, Germany): R-phycoerythrin-con-
jugated rat anti-mouse CD11b (M1/70); fluorescein isothiocyanate (FITC)-con-
jugated rat immunoglobulin G2a(k) (IgG2a/k), R35-95; FITC-conjugated rat
anti-mouse Ly-6G (Grl), RB6-8CS5; rat anti-mouse CD54R/B220, RA3-6B2; rat
anti-mouse Ly-6G (Grl), RB6-8CS5; and rat anti-mouse CD90, Thy-1.2. The
following MAbs were also obtained: from BMA (Augst, Switzerland), rat anti-
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FIG. 1. Targeted disruption of the SI00A9 locus. (A) Recombination strategy. A schematic representation of the SI00A9 wild-type gene, the
targeting construct, and the mutant allele are shown. Closed boxes represent the three exons of the SI00A9 gene; the neomycin resistant gene
(Neo) and thymidine kinase gene (HSV-TK) are indicated by open boxes. Arrows represent the direction of transcription. The region indicated
as the probe was used for the screening of targeted ES cells. Arrowheads indicate PCR primers used for detection of the mutant allele. The
predicted sizes of DNA fragments in Southern blot analysis and PCR are also shown. (B) Southern blot analysis of five selected ES cell clones.
Genomic DNA was digested with Pvull and hybridized with the probe shown in panel A. The observed 4.3- and 3.6-kb bands represent the
wild-type and mutated alleles, respectively. (C) PCR analysis of tail DNAs from 4-week-old progeny. After PCR amplification of wild-type and

targeted alleles, DNA fragments of 4.7 and 5.1 kb were detected.

mouse ER-MP20 (T-2004); from Serotec, Ltd., rat anti-mouse F4/80 (A3-1);
from Dianova (Hamburg, Germany), peroxidase-conjugated goat anti-rabbit
IgG, peroxidase-conjugated goat anti-rat IgG, and FITC-conjugated goat anti-
rabbit IgG; and from Miltenyi Biotec (Bergisch-Gladbach, Germany), magnetic-
bead-conjugated anti-CD11b. Our laboratory produced the rabbit polyclonal
antibodies against mouse S100A8 and S100A9. Recombinant human IL-8 and
leukotriene B, (LTB,) were purchased from TEBU (Offenbach, Germany) and
Sigma (Taufkirchen, Germany), respectively. IL-3, granulocyte-macrophage col-
ony-stimulating factor (GM-CSF), and granulocyte colony-stimulating factor (G-
CSF) were ordered from R&D Systems (Wiesbaden, Germany).

Culture medium. Cell-culture-grade buffers (phosphate-buffered saline [PBS]
without Ca®* or Mg?*, Hanks balanced salt solution [HBSS] with Ca®>* and
Mg?*), media (Dulbecco’s modified Dagle’s medium [DMEM], RPMI 1640, and
Iscove’s modified Dulbecco’s medium [IMDM]), antibiotics, and sera were pur-
chased from Biochrom (Berlin, Germany).

Targeting construct. The targeting vector (Fig. 1) was constructed by replacing
760 bp of the genomic sequence containing exon 2 and the adjacent intron region
with the pMCl1-derived neomycin-poly(A) expression cassette (Stratagene, Am-
sterdam, The Netherlands). This mutation deletes the initial start codon. The
resulting construct was linearized with NotI and electroporated into the embry-
onic stem (ES) cell line E14-1-1 (13) derived from 129/0Ola mice. Resistant
colonies were isolated following selection in G418 and ganciclovir and expanded
as described previously (9).

Generation of S100A9-deficient mice. Cells of four independent ES clones
were microinjected into the blastocysts of C57BL/6 mice. Chimeras were bred
against the background of the host blastocyst. Heterozygote mice carrying the
S100A9 mutation were interbred, and the offspring were genotyped by PCR.
Both the SI00A9*/* (wild-type) and S100A9-deficient animals were bred under
specific pathogen-free conditions and studied from 6 to 20 weeks of age.

To analyze the offspring, PCR from tail DNA was performed using the fol-
lowing primers: upstream, 5'-CTCGGTCAAATGTGCCTAAC, and down-
stream, 5'-GTCTTTAACCAGGGACTAGG. PCR was performed with a ther-
mal cycler for 10 cycles at 94°C for 90 s, 55°C for 120 s, and 72°C for 390 s,

followed by 30 cycles at 94°C for 90 s, 55°C for 80 s, and 72°C for 390 s. Final
extension was done at 72°C for 600 s. After PCR amplification of wild-type and
targeted alleles, DNA fragments of 4.7 and 5.1 kb were detected.

Isolation of leukocytes. Mouse bone marrow cells were flushed from femurs
and tibias with PBS. Erythrocytes were lysed with lysis buffer (155 mM NH,CI,
10 mM KHCOs;, 0.1 mM EDTA) for 4 min at room temperature, and the
remaining cells were washed once with PBS. Polymorphonuclear neutrophils
(PMNs) were isolated by magnetic cell separation using CD11b microbeads
(Miltenyi Biotec) according to the manufacturer’s instructions. Peripheral leu-
kocytes were purified from heparinized blood from axillary vessels. Neutrophils
were analyzed by flow cytometry after specific immunostaining. Thioglycolate-
elicited PMNs were harvested as described below.

RNA isolation and detection. Total RNA was isolated from blood, spleen,
liver, brain, and thioglycolate-elicited PMNs by using a commercially available
reagent (peqGOLD TriFast; peqlab Biotechnologie GmbH, Erlangen, Ger-
many) according to the manufacturer’s instructions. Northern blot analysis was
performed according to standard procedures. Briefly, total RNA was loaded on
a 1% agarose-2.2 M formaldehyde denaturing gel and transferred to a nylon
membrane (Hybond; Amersham Bioscience Europe, Freiburg, Germany). Blots
were hybridized with 3*P-labeled cDNA probes (performed with the HexaLa-
belDNA labeling kit; MBI Fermentas, St. Leon-Rot, Germany). Total RNA was
also reverse transcribed into cDNA with Moloney murine leukemia virus-Super-
script IT polymerase following the recommendations of the supplier (Gibco BRL
via Invitrogen, Karlsruhe, Germany) by using an oligo(dT),,_;5 primer (MWG-
Biotech, Munich, Germany). Amplification of ¢cDNA was performed with
TaKaRa Ex Tag DNA polymerase (BioWhittaker, Verviers, Belgium) and spe-
cific oligonucleotides for S100A8 (sense, 5'-GAAATCACCATGCCCTCTAC;
antisense, 5'-CCCACTTTTATCACCATCGC), and S100A9 (sense, 5'-CTCTA
GGAAGGAAGGACACC; antisense, 5'-GCCATCAGCATCATACACTC).
The reaction conditions included 30 cycles of amplification at 94, 55, and 72°C for
90, 120, and 120 s, respectively. Final extension was done at 72°C for 600 s.

Flow cytometric analysis. Inmunofluorescence staining was performed after
washing the cells once with PBS-0.5% bovine serum albumin (BSA). Cells (10°)
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were first incubated with each anti-MAb (5 pg/ml) diluted in PBS-BSA for 30
min on ice. After three washes with PBS, cells were incubated with FITC- and
phycoerythrin-conjugated second-step antibody for 30 min on ice. After washing
twice with PBS, the cells were analyzed by flow cytometry with FACStar (Becton
Dickinson). For the detection of SI00A8 and S100A9, fixation and permeabili-
zation were performed in acetone before intracellular staining.

Immunohistochemistry. Cryostat sections (5 to 8 wm thick) and cytospin
preparations were fixed in acetone for 10 min at room temperature and washed
in PBS. Endogenous peroxidase activity was blocked by incubating the prepara-
tions in sodium azide (Sigma) diluted at 1g/150 ml of PBS plus 0.035% H,0, for
20 min at room temperature. PBS-1% BSA was used to block nonspecific
binding for 60 min. Preparations were stained with primary antibody, followed by
incubation with peroxidase-conjugated goat anti-rat or anti-rabbit IgG in
PBS-1% BSA-20% inactivated mouse serum for 60 min. Enzymatic color de-
velopment was performed by using 3-amino-9-ethylcarbazole (Sigma) as sub-
strate, which was diluted in acetate buffer with 0.014% H,O, at 37°C for 12 min.
Slides were then counterstained with Giemsa stain and mounted with Aqua-
mount mounting medium (BD PharMingen).

Colony-forming assay. Bone marrow cells were held in IMDM with antibiotics
and 20% fetal calf serum (FCS). One hundred thousand cells were seeded into
one well of a six-well dish in 1 ml of medium containing 0.35% low-melting-point
agarose (SeaPlaque; Biozyme) and 20 ng of the indicated cytokine. After 10 days
of incubation, colonies were counted (bone marrow cell numbers per colony
were >50 for cells from S100A9-deficient mice versus >20 for cells from wild-
type mice which responded to G-CSF).

PMN emigration into the skin and peritoneum. IL-8 (40 ng in 8 pl of PBS) or
PBS was injected subcutaneously into both ears of the mice. Four hours after
injection, the skin at the injection site was excised, embedded, frozen in N,,
sectioned at an 8-wm thickness, fixed in acetone, and stained in two steps with rat
anti-mouse Ly-6G (Gr1) and a peroxidase-conjugated anti-rat IgG antibody (Fig.
12). To evaluate emigration, the Grl-positive cells were counted in five fields of
vision in five sections per ear. Five mice of both the S100A9-deficient and
wild-type genotypes were used for the experiment.

Thioglycolate-elicited PMNs were harvested from the peritoneum at various
time points after intraperitoneal injection of 1 ml of thioglycolate (3% [wt/vol] in
PBS) by subjecting to lavage with 5 ml of PBS containing 2 mM EDTA. Total
numbers of emigrated cells were counted with a Neubauer hemocytometer.
Leukocyte subpopulations were determined by cytological examination of anti-
body-stained cytospin preparations.

TEM. Transendothelial migration (TEM) was determined by using a chemo-
taxis microchamber (Transwells, 5-pm pore size; Corning). Bone marrow cells
were suspended at 2 X 10° cells/ml in DMEM supplemented with 10% FCS. One
hundred microliters of cell suspension was applied to the upper chamber on a
monolayer of bEnd5 cells (2 X 10%200 pl of DMEM, 10% FCS; day 3). Cyto-
kines, IL-8 (1 pg/ml), and LTB, (25 nmol) were added to the lower chamber.
After incubation at 37°C for 2 h, cells that migrated to the lower chamber were
collected and counted with Coulter (Krefeld, Germany) Counter Z2. Cytospin
preparations of the migrated cells were then immunocytochemically stained to
determine the proportions of the cell subpopulations.

Measurement of cell migration within a 3-D collagen matrix. Cell migration
within a three-dimensional (3-D) collagen matrix was studied as described pre-
viously (7, 8). Five hundred thousand neutrophils (isolated from the peritoneal
cavity 4 h after the induction of peritonitis) were suspended in 20 pl of medium
(RPMI plus 10% FCS) and added to 40 .l of a solution containing dermal bovine
collagen type I (Nutacon, Leimuiden, The Netherlands). The final concentration
for collagen was 1.6 mg/ml. This suspension was used to fill a self-constructed
chamber consisting of a basal microscope slide and an upper coverslip sealed on
three sides with paraffin and petroleum jelly at a ratio of 1:1. After polymeriza-
tion (37°C, 5% CO,, 20 to 30 min), the chamber was filled with medium and basal
cell migration was recorded by time lapse video microscopy for 2 h. Replacing
the medium with fresh medium containing 500 ng of IL-8/ml stimulated there-
after the locomotion of cells. Cell migration was then further documented over
a period of 1 day. Subsequently, the paths of 40 individual cells were recon-
structed from the recorded films for a period of up to 4 h by computer-assisted
cell tracking (8). For data analysis, 40 cells of each sample were randomly
selected. Subsequently, the movements of each of these cells were individually
followed with a trackball over a period of 90 min. Every 2 min, the x and y
coordinates of the screen pointer were registered by the computer. Plotting these
x and y data on the screen reconstructed the path of each cell. From the obtained
migration data, velocity (excluding migration breaks) and migration distance
were calculated for each cell and the mean for all 40 cells was taken.

Actin polymerization. Bone marrow cells were resuspended in PBS at a con-
centration of 5 X 107 cells/ml, preincubated for 5 min at 37°C, and exposed to
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IL-8 for various times. The cells were then fixed with 3.7% paraformaldehyde—
PBS for 30 min at room temperature and rinsed in buffer containing 0.2% gelatin
and 0.01% Triton X-100. Cells were then incubated for 45 min in the dark with
5 pg of fluorescein-phalloidin (Sigma)/ml diluted in PBS. After washing and
resuspension in PBS, the fluorescence of gated Grl-positive cells was measured
by flow cytometry.

The intracellular F-actin distribution was visually verified by fluorescence
microscopy. CD11b-positive cells purified from bone marrow (10°) were resus-
pended in PBS, incubated with or without IL-8 (250 ng/ml) for 30 s at 37°C,
loaded into the chamber of a slide (LAB-TEK; Nalge Nunc International)
containing a solution of 5% paraformaldehyde—PBS, and sedimented for 30 min
at room temperature. Supernatant was removed, and FITC-phalloidin staining
was performed as described above. Cell preparations were mounted with fluo-
rescent mounting medium (DAKO) and observed with a fluorescence micro-
scope, and representative cells were photographed.

CD11b expression. Bone marrow cells were prewarmed in either PBS (without
Ca?* or Mg?*) or HBSS (with Ca®* and Mg>*) plus 0.1% BSA for 5 min and
then incubated with various concentrations of IL-8 for 5 min and 30 min at 37°C.
After incubation, the expression levels of CD11b were determined by flow cy-
tometry with anti-CD11b antibody.

Adhesion assay. bEnd5 cells were plated at a density of 10° cells per well in
96-well plates 2 days prior to the test. Bone marrow cells (5 X 10* in 0.1 ml of
HEPES) were added to confluent bEndS cells pretreated with tumor necrosis
factor alpha (TNF-a) (100 ng/ml, 2 h) and allowed to adhere for 20 min at 37°C.
IL-8 was added to a final concentration of 400 ng/ml where indicated. After
incubation, plates were washed three times with HEPES buffer. Fifty microliters
of 0.5% hexadecyltrimethylammonium bromide (Sigma) was added to each well
for 30 min to lyse the cells. Myeloperoxidase activity was used as a marker
enzyme to measure the number of leukocytes that adhered as described previ-
ously. Briefly, the optical density at 450 nm was measured after 15 min of
incubation with 250 pl of 0.2 mg of dianisidine dihydrochloride (Sigma)/ml-0.4
M H,0, in PBS.

RESULTS

S100A9-deficient mice appear to be healthy and develop
normally. Two genomic clones encompassing the entire coding
region of the murine SI00A9 gene were isolated and charac-
terized (20). We replaced the second exon, which includes the
translational start site, with the neomycin cassette by using
homologous recombination (Fig. 1). Chimeric mice were gen-
erated from four independent targeted ES cell clones. Wild-
type, homozygous mutant, and heterozygous (+/—) mice were
born with expected Mendelian frequencies, indicating that the
mutation did not affect their survival in utero. At birth, all
littermates were indistinguishable. Adult S100A9-deficient
mice were viable and fertile and showed no abnormality. Ho-
mozygous mice derived from the four ES cell clones were
indistinguishable with respect to growth and weight. Northern
blotting and reverse transcription (RT)-PCR analysis con-
firmed the absence of S100A9 RNA transcripts in various
organs of the deficient mice (Fig. 2C and D). The absence of
S100A9 in the blood and bone marrow cells was demonstrated
by flow cytometric analysis and Western blot experiments (Fig.
2A) and immunostaining of cytospin preparations with a poly-
clonal anti-mouse S100A9 antibody (Fig. 3). Histological anal-
ysis of the brain, thymus, heart, lung, liver, kidney, spleen,
lymph nodes, small and large intestines, and skin from wild-
type and S100A9-deficient mice revealed no morphological
alterations. The cell number, shape, and anatomy of various
organs of the S100A9-deficient mice appeared to be normal
(data not shown).

Deficiency of S100A9 does not affect the number and mor-
phology of peripheral leukocytes. The number and morphol-
ogy of leukocytes in the peripheral blood of mutant and wild-
type mice were normal. To further determine whether the loss
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FIG. 2. Expression of SI00A8 in mice lacking a functional SI00A9 gene. (A) Flow cytometric profiles after SI00A9 and S100A8 immuno-
staining of blood neutrophils are shown. Profiles are representative of three mice for each genotype. Analysis reveals the absence of both proteins
in peripheral blood cells. (B) Western blot analysis of ST00A9 and S100A8 expression in wild-type and S100A9-deficient mice demonstrates the
absence of SI00A9 and S100A8 in peripheral S100A9-deficient leukocytes. The upper part of the S100A8 filter was stained with Coomassie brilliant
blue to confirm the transfer of the proteins to the filter. P, peritoneal granulocytes; B, bone marrow; S, spleen. (C) Northern blot analysis
demonstrates the absence of SI0D0A9 mRNA in thioglycolate-elicited peritoneal PMNs from S100A9-deficient mice, whereas the S100A8 gene is
transcribed in wild-type as well as SI00A9-deficient cells. Signals presented are shown as gene expression relative to the average expression of the
housekeeping gene actin. (D) RT-PCR analysis confirms the absence of SI00A9 RNA transcripts in various organs of deficient mice (right panel)
and shows the presence of SI00A8 RNA transcripts in the same organs (left panel). B, brain; S, spleen; L, liver; Br, brain.

of S100A9 protein affects the differentiation of myeloid cells,
we examined the expression of various specific cell markers in
bone marrow cells daily during the 4 days of cultivation. Im-
munostaining of cytospin preparations with the specific cell
markers CD11b, Grl, ERMP12, and ERMP20 (Fig. 4) dem-
onstrated a slight reduction of the indicated cell subpopula-
tions in S100A9-deficient mice. The number of Grl-positive
cells especially, mainly granulocytes, was reduced in S100A9-
deficient bone marrow. The numbers of B220 and Thy-1.2
lymphocytes were equal (data not shown).

To further evaluate the myelopoietic potential, we per-
formed colony-forming assays. Here, stimulation of bone-mar-
row-derived cells from S100A9-deficient mice with IL-3 re-
sulted in a reduced number of colonies (more than 50 cells per
colony). However, a large number of small colonies with fewer
than 50 cells were observed (data not shown). Furthermore,
more of the SI00A9-deficient cells than of the wild-type bone
marrow cells responded to G-CSF or macrophage colony-stim-
ulating factor (M-CSF), which supports the growth of more
mature cells of the myeloid lineage (Fig. 5). Thus, we observed
a shift to more mature myeloid precursor cells in S100A9-
deficient bone marrow.

Loss of both S100A9 and S100A8 seems to be compatible
with viable and mature granulocytes. Among the various ter-
tiary structures S100A9 can adopt, the heterodimer with
S100AS8 is strongly preferred. Consequently, we studied the

expression of S1I00AS8 in detail. The S100A9 deficiency resulted
in a 30% reduction of S100AS8-positive cells in the bone mar-
row (Fig. 3 and 4), and this value drastically decreased during
cultivation of the cells (~60% reduction on day 2 of culture).
However, under inflammatory conditions, the number of
S100A8-positive cells in the bone marrow of S100A9-deficient
mice was similar to that of the wild-type mice (see Fig. 12B).
To investigate the SI00AS8 expression in peripheral cells, flow
cytometric analysis of blood cells (Fig. 2A) and immunostain-
ing of the cytospin preparations of thioglycolate-elicited peri-
toneal PMNs and the cryosections of spleens (Fig. 3) from
S100A9-deficient mice was conducted. These experiments as
well as Western blot experiments (Fig. 2B) failed to detect
S100AS8, indicating that, in peripheral mature S100A9-null
cells, the SI00AS protein is either absent or at least not de-
tectable with our antibody. However, Northern blotting and
RT-PCR analysis (Fig. 2C and D) showed the presence of the
S100A8 mRNA transcripts in various organs from S100A9-
deficient mice, suggesting that the strong down-regulation of
S100AS8 protein relies upon a posttranscriptional mechanism.

TEM in vitro is altered. To investigate the migratory prop-
erties of deficient neutrophils quantitatively, we performed in
vitro assays to determine the TEM of bone-marrow-derived
cells (Fig. 6). During 2 h of incubation, 3% of wild-type cells
spontaneously migrated across an unstimulated bEndS mono-
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FIG. 3. Expression of SI00AS8 in S100A9-deficient bone marrow and spleen cells. As indicated, spleen and bone marrow cells were stained with
the S100A8 antibody. As a control, granulocytes were stained with a commercially available grl antibody. S1I00AS is present in bone marrow but

not detectable in the peripheral tissues of the spleen.

layer. Surprisingly, the S100A9-deficient cells (13.5%) dis-
played a higher spontaneous migration activity in this assay.
The percentage of cells that migrated was calculated by divid-
ing the number of cells found in the lower well by the total

S100A9 S100A8

i
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FIG. 4. Analysis of the hematopoietic cell population. Bone mar-
row from wild-type and S100A9-deficient mice were cultured for 4 days
(d) in Teflon bags and analyzed daily by immunostaining of cytospin
preparations for the expression of indicated cell markers in order to
follow the differentiation of myeloid cells. Bars presented are the
means from five separate experiments. In all panels, white bars corre-
spond to wild-type mice and black bars correspond to S1I00A9-deficient
mice.

number of cells added on top of the bEnd5 monolayer in the
upper well.

IL-8 and LTB, attract preferentially neutrophils and mono-
cytes, as judged by microscopic observation of the immuno-
stained cytospin preparations of migrated cells. The majority
of cells (95 to 100% unstimulated, IL-8 or LTB, stimulated)
from wild-type and S100A9-deficient mice were positively
stained with anti-mouse Grl antibody, confirming that, almost
exclusively, granulocytes were migrating under the conditions
used. Approximately 100% of the IL-8- and 86% of the LTB,-
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FIG. 5. CFU experiments using wild-type and S100A9-deficient
bone marrow leukocytes. Bone marrow cells from wild-type and
S100A9-deficient mice were incubated with the cytokines indicated to
evaluate the myelopoietic potential of the precursor cells. As a control,
bone marrow cells were incubated without any cytokines.
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FIG. 6. Chemoattractant-induced in vitro TEM assay. TEM of
bone marrow cells from wild-type (white bars) and S100A9-deficient
(black bars) mice through a bEnd5 monolayer is shown. Values rep-
resent the means from four experiments. The stimulation rate was
calculated by dividing the number of transmigrated cells after stimu-
lation by the number before stimulation. Values are means * standard
errors of the means and were considered significant at a P of <0.01.

stimulated wild-type cells were stained with anti-mouse
S100AS8 antibody. IL-8 and LTB, increased the TEM of wild-
type neutrophils 3.8- and 6.1-fold. The TEM values for
S100A9-deficient neutrophils were stimulated only 2.5- and
2.3-fold, respectively (Fig. 6).

Chemokinesis of S100A9-deficient neutrophils in a 3-D col-
lagen matrix. To further characterize the migratory properties
of S100A9-negative neutrophils, we measured various dynamic
parameters (cell velocity, migration rate, and migration dis-
tance) within a 3-D collagen matrix in the absence or presence
of additional external stimuli. The increased spontaneous ac-
tivity of S100A9-deficient neutrophils observed in TEM could
not be confirmed in the 3-D collagen matrix assay (Fig. 7). The
migration distance and the number of simultaneously migrat-
ing cells, as well as the velocity of SI00A9 ™/~ and S100A9™/*
neutrophils, were similar. Stimulation of the cells with IL-8 was
accompanied by significant changes in the dynamic parameters

Cells migrating (%)
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Q
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(Fig. 7). The migration rate of wild-type cells was slightly
higher than that of the S100A9-deficient cells. This increase
could be due to both the recruitment of previously nonmigrat-
ing cells and the increased duration of migration. Additionally,
wild-type cells were able to cover greater distances than
S100A9-deficient cells (~70 and ~50 wm, respectively). Cell
velocity of wild-type peritoneal neutrophils was also higher
than that of deficient neutrophils after stimulation with IL-8.
The differences were significant according to statistical evalu-
ation (P < 0.05).

CD11b surface expression is disturbed in neutrophils from
S100A9-deficient mice. CD11b belongs to the integrin family of
proteins. It has been reported that SI00A9 is involved in the
expression and modulation of CD11b (5, 19). CD11b cell sur-
face expression was reduced on the surface of S100A9-defi-
cient neutrophils (Fig. 8, lower panel) incubated in PBS. IL-
8-induced CD11b up-regulation depends on the presence of
Ca®* and Mg?". Consequently, IL-8 failed to enhance CD11b
surface expression in wild-type neutrophils by using Ca**- and
Mg?*"-free buffers as expected. However, neutrophils from
S100A9-deficient mice exhibited an initial decrease in CD11b
expression at concentrations below 200 ng of IL-8/ml under
calcium-free conditions (Fig. 8).

Incubation of cells in calcium containing HBSS buffer re-
stores CD11b surface expression. Incubation of bone-marrow-
derived neutrophils from wild-type mice with various concen-
trations of IL-8 in HBSS (containing Ca** and Mg®") for 5
min at 37°C induced a 1.7-fold increase in the membrane
expression of CD11b on Grl-gated cells as measured by flow
cytometry (Fig. 8, upper panel). A maximal increase was
achieved at 250 ng of IL-8/ml. A higher concentration (750
ng/ml) did not further potentiate the up-regulation. In con-
trast, S100A9-null neutrophils failed to up-regulate the cell
surface expression of CD11b upon IL-8 stimulation.

IL-8 may not be able to enhance adhesion of S100A9-defi-
cient neutrophils to bEnd5 endothelial cells. As reported ear-
lier (3, 10, 24), IL-8 stimulates neutrophils to adhere to endo-
thelial cells by an up-regulation of B2 integrin CD11b surface
expression. Therefore, we analyzed the adhesion of SI00A9-

Distance (um)

2 &5 8 &

P=)

+IL-8 -IL-8 +IL-8

FIG. 7. Dynamic parameters of spontaneous and chemokine-induced migration of S100A9-deficient and wild-type peritoneal neutrophils. The
data show the means from four independent experiments. In all panels, white bars correspond to wild-type neutrophils and black bars correspond
to S100A9-deficient neutrophils. All parameters indicate a reduced chemokinesis of the SI00A9-deficient neutrophils upon stimulation with IL-8.

Values were considered significant at a P of <(0.05.
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FIG. 8. IL-8-mediated surface expression of CD11b on Grl-gated
cells. Bone marrow cells were incubated at 37°C for 5 min with or
without IL-8 and in the presence (upper panel) or absence (lower
panel) of Ca®>" and Mg>*. At the end of the incubation period, surface
expression of CD11b on Grl-gated cells was determined by direct-
immunofluorescence flow cytometry. The data presented here show
one experiment representative of five experiments.

deficient neutrophils to bEnd5 endothelial cells. No IL-8-de-
pendent increase of adhesion of S100A9-deficient cells could
be detected, whereas IL-8 stimulation of wild-type neutrophils
enhanced adhesion to TNF-a-activated bEnd5 cells (Fig. 9).
However, statistically, the difference seems to not be signifi-
cant. The number of adherent cells did not differ when mutant

C1L-8 +IL-8 JIL-8 +TL-8

FIG. 9. IL-8 failed to enhance the adhesion of S100A9-deficient
neutrophils to bEnd5 cells. bEnd5 cells were incubated with TNF-« for
2 h; subsequently, SI00A9 ™/~ (B) and wild-type (A) leukocytes were
allowed to adhere for 1 h with or without IL-8. After washing, the
myeloperoxidase activity was determined to measure the number of
neutrophils that adhered. To compare the unstimulated and IL-8-
stimulated conditions, the value obtained for the unstimulated neutro-
phils was set to 1.0.
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FIG. 10. F-actin content in unstimulated S100A9-deficient PMNs is
higher than that in wild-type PMNs. (A) The time course of IL-8-
induced changes in the cellular F-actin content in Grl-gated cells is
shown. Broken lines represent data for SI00A9™"* mice, and dotted
lines represent data for SI00A9 '~ mice. Levels of IL-8 are either 0
ng/ml (circle) or 250 ng/ml (square). The values represent the means
from five separate experiments. (B) The photographs show the F-actin
distribution in unstimulated (left panels) and IL-8-stimulated (right
panels) CD11b™ cells isolated from bone marrow.

and wild-type neutrophils were not stimulated with IL-8 (data
not shown).

G- to F-actin shift in nonstimulated S100A9-deficient PMN's
suggests a role of S100A9 in cytoskeletal reorganization. Che-
motaxis is critically dependent on cytoskeletal dynamics (10),
and actin is considered the most important cytoskeletal ele-
ment for migration. Thus, the ability of IL-8 to induce actin
polymerization was investigated in S100A9-deficient PMNs.
Fluorescence emission of single cells after FITC-phalloidin
staining was recorded as a measure of the F-actin content of
individual PMN. Immediately after the addition of 250 ng of
IL-8/ml, an increase of F-actin content in wild-type PMNs was
observed (Fig. 10A). The maximum increase was 1.27-fold at
30 s. In contrast, almost no increase in F-actin content was seen
in S100A9-deficient PMNS. Instead, a difference in the average
mean fluorescence of nontreated wild-type versus SI00A9-de-
ficient cells was observed, indicating that F-actin content was
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phils into the skin. IL-8
was injected into the ears of wild-type and S100A9-deficient mice. The
number of Grl-stained cells 4 h after IL-8 injection was visually eval-
uated. There was no difference observed between the number of em-
igrated neutrophils with respect to the wild-type and S100A9-deficient
mice.

higher in unstimulated deficient PMNs than in unstimulated
wild-type PMNs. We could not observe a subsequent decrease
in the F-actin content. Additionally, cell morphology and F-
actin distribution were investigated by conventional fluores-
cence microscopy. Prior to stimulation, wild-type PMNs were
round, with fluorescence homogeneously distributed in the
cytoplasm (Fig. 10B). They underwent a polarization change of
shape 30 s after stimulation with 250 ng of IL-8/ml, and fluo-
rescence was localized in one pole or in developing pseudo-
pods. S100A9-deficient PMNs appeared polarized without
stimulation. Intracellular F-actin localization was similar to
that of polarized wild-type PMNs after IL-8 stimulation. In
conclusion, unstimulated S100A9-deficient PMNs showed an
abnormal polarized cell shape with accumulation of F-actin in
pseudopods, suggesting a role of SI00A9 in cell morphology
and cytoskeletal regulation.

PMN emigration into the tissue is normal, applying two in
vivo models. The cytokine IL-8 (40 ng or buffer alone) was
injected into the ear. PMN recruitment was assessed by immu-
nostaining of cryostat sections with anti-mouse Grl antibody
(Fig. 11). Histological examination of the preparations re-
vealed that the subcutaneous injection of IL-8 provoked a
similar PMN infiltration in wild-type and deficient mice.

We measured the emigration of leukocytes of thioglycolate-
elicited peritoneal PMNs. Various time points after the injec-
tion of thioglycolate, total numbers of peritoneal exudate cells
were determined by microscopic observation of tryptan blue-
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FIG. 12. Thioglycolate-elicited leukocyte emigration into the peri-
toneum. (A) The total number of leukocytes migrated into the peri-
toneum subsequent to intraperitoneal injection of thioglycolate was
determined at various time points as indicated (10°). No significant
difference was observed between S100A9-deficient (black bars) and
wild-type (white bars) mice. Each bar represents the mean values for
at least 10 mice. (B) Cellular composition of bone marrow cells was
analyzed subsequent to thioglycolate-induced peritonitis (4 h). After
inflammatory stimulation of the granulopoiesis, the percentage of
S100A8-positive cells in the bone marrow was similar in wild-type and
S100A9-deficient mice. (C) Cellular composition (percentage of posi-
tive cells) of the peritoneal exudate was determined cytochemically
with various cellular surface markers as indicated. No deviation was
observed between S100A9-deficient and wild-type mice.

stained cells with a Neubauer hemocytometer. There was no
significant difference between the number of cells emigrated
into the peritonea of wild-type and S100A9-deficient mice (Fig.
12A). Immunostaining of cytospin preparations with anti-
mouse MAbs (Grl, CD11b, and ER-MP20) confirmed the
recruitment of similar subpopulations of apparently mature
PMNs; PMN purity was 75 to 85% 4 h after thioglycolate
injection for deficient and wild-type mice preparations, respec-
tively.

DISCUSSION

The family of calcium-binding S100 proteins consists of 13
members that are tissue specifically expressed and whose func-
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tions are poorly understood (5). Two members, SI00A9 and
S100AS8, are almost exclusively expressed in myeloid cells and
have long been known as inflammatory marker proteins. We
generated S100A9-deficient mice to study the function of this
molecule.

The S100A9-deficient mice were viable and appear to be
healthy. This is in sharp contrast to S100A8-deficient animals.
The S100A8-deficient embryos were resorbed by day 9.5 in the
uterus. This may indicate an unexpected function of S100AS in
early embryogenesis (22). S1I00A9 is obviously dispensable for
this function. The energetically favored heterodimerization of
S100A8 and S100A9 and their almost identical expression pat-
tern leads to the assumption that the heterodimers are the
biologically active molecules. The difference in the viability of
both mouse models suggests that both molecules bear biolog-
ical functions independent of heterodimerization.

Furthermore, the peripheral S100A9-null leukocytes lack
detectable amounts of S100A8. Thus, even the lack of both
S100A8 and S100A9 comprising nearly 40% of the cytosolic
proteins in wild-type neutrophils does not affect the develop-
ment of viable and mature neutrophils. Moreover, we could
not detect an up-regulation of any other S100 protein (data not
shown). However, it is important to note that SI00AS8 tran-
scription is not altered in the S100A9-deficient mice and that
residual S100A8 below the detection limit may be present in
peripheral S100A9-deficient neutrophils.

S100AS8 is present in bone marrow cells. Our observation
that the percentage of S100A8-positive cells in the bone mar-
row of S100A9-deficient mice increased after inflammatory
stimulation of granulopoiesis suggests that SI00AS8 protein is
expressed in early differentiation stages and may become un-
stable in mature granulocytes.

We investigated the myelopoietic potential in S100A9-defi-
cient mice. The S100A9-deficient animals displayed a normal
population of myeloid cells in the bone marrow, as shown by
immunocytochemistry. It has been speculated in an earlier
report that both S100 proteins may be involved in the terminal
differentiation of myeloid cells by inhibiting casein kinase (18).
Our results indicate that the deficiency of S100A9 is dispens-
able for myelopoiesis and mobilization. However, the reduced
number of IL-3-responsive cells and the increased number of
G-CSF- and M-CSF-induced colonies derived from the
S100A9-deficient bone marrow allow speculation that a poten-
tial defect in early myelopoiesis may be compensated by an
unknown mechanism.

The most prominent property of neutrophils is their ability
to invade inflamed tissue. SI00A9 and S100A8 have both been
described as molecules involved in adhesion (22, 25, 30) and
directed migration (14). The unusually high F-actin content in
S100A9-deficient neutrophils functionally links S100A9 to cy-
toskeletal regulation. Actin filaments are the primary cytoskel-
etal elements mediating migration. A functional actin cytoskel-
eton is essential for the coordinated expression and cell surface
exposition of integrins. Integrins are linked to actin filaments
by a number of actin-binding proteins, and the integrin-depen-
dent cell spreading of PMNs requires actin polymerization (2).
The deregulated microfilament system may cause the abnor-
mal induction of the CD11b surface expression observed in
S100A9-deficient neutrophils. Numerous reports associate
various S100 proteins with the regulation of cytoskeletal dy-
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namics (5, 26, 32). S100A1 and S100B are supposed to be
involved in microtubule metabolism. SI00A1 additionally in-
hibits phosphorylation of the actin-capping molecule
MARCKS. S100A10 is proposed to regulate the activity of
annexin II, including its association with cytoskeleton constit-
uents and its F-actin-bundling activity (5). Moreover, in strik-
ing similarity to our analysis, a more organized microfilament
formation has also been shown in C6 glioma cells in which the
expression of S100B has been selectively inhibited by antisense
technology (28).

It has been reported that SI00AS8- and S100A9-positive cells
express more CD11b than S100A8- and S100A9-negative
monocytes (6) and belong to the first infiltrating cells in in-
flammatory lesions. The finding that the actin filament system
is highly polarized in S100A9-deficient cells correlates with a
reduced ability to migrate upon a stimulus, as shown in the 3-D
collagen matrix migration assay. The failure to up-regulate
CD11b may result in the absence of IL-8-mediated adhesion.
IL-8 and LTB, (29) are known to up-regulate CD11b surface
expression. The reduced ability of LTB, to stimulate the TEM
of S100A9-deficient cells suggests that LTB, may also fail to
enhance S100A9-deficient neutrophil adhesion. Consequently,
both the disturbed microfilament system and the absence of
chemoattractant-induced adhesion may be responsible for the
strong attenuation of the chemotactic response, as observed
with S100A9-deficient neutrophils in the TEM assay. The in-
ability of S100A9-deficient cells to enhance CD11b surface
expression upon stimulation weakens the potential of these
cells to adhere and may thus explain the discrepancy between
the diminished responsiveness to chemoattractants observed in
the TEM assay and the less pronounced effect found in the
collagen matrix assay. Furthermore, extracellular S100A9 is
known to modulate the affinity of the CD11b integrin receptor
(21) and may facilitate transmigration by contributing to the
binding to endothelial heparan sulfate (25) and/or carboxy-
lated proteoglycans (30), suggesting that reduced transmigra-
tion may additionally result from the lack of extracellular
S100A9. However, applying two inflammatory models, we
could not detect any significant difference in the leukocyte
invasion in vivo by using S100A9-deficient mice. It is known
that different inflammation models involve different inflamma-
tory mediators and adhesion molecules. CD18-deficient mice
unexpectedly show no inhibition of neutrophil emigration dur-
ing sterile peritonitis by the intraperitoneal injection of thio-
glycolate and, on the contrary, even an increased emigration in
other models (4, 17). Similarly, migration of PMNs in the
thioglycolate peritonitis model is enhanced in mice lacking the
tyrosine kinases Hck, FGr, and Lyn, known as members of the
integrin-signaling pathway (16) as well as in CD11b-deficient
mice (15). Obviously, there is more than one pathway orches-
trating neutrophil emigration into inflamed tissue. The role of
S100A9 and S100A8 may still prove to play a major role in
in vivo inflammatory models other than those investigated
here.

Most transduction pathways that induce cell migration in-
volve components that regulate the intracellular calcium con-
centration. Calcium in turn acts on actin-associated proteins
like MARCKS and gelsolin (29) and thereby regulates actin
polymerization. The observation that firstly, the CD11b surface
expression is reduced in calcium-free buffers in S100A9-defi-
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cient cells, that secondly, extracellular calcium restores normal
CD11b surface expression, and that the strictly calcium-depen-
dent, IL-8-mediated up-regulation of CD11b cannot be ob-
served in S100A9-deficient neutrophils suggests that primarily
the calcium homeostasis of SI00A9-deficient cells is affected.
Alterations in Ca®* homeostasis have also been reported in
mice deficient in calbindin, S100B, and calretinin, all calcium-
binding EF-hand proteins expressed in the cells of the central
nervous system (1, 27, 33). Further investigations are in process
to define the role of the SI00A9 molecule in neutrophil’s
calcium metabolism.

Using gene-targeting technology, we demonstrated that loss
of the massively expressed S100A9 protein results in a viable
and obviously healthy mouse. However, we observed a dra-
matic posttranscriptional down-regulation of S100AS8 protein.
On the cellular level, S100A9-deficient neutrophils exhibited a
more organized microfilament system and a reduction of IL-8
mediated CD11b surface up-regulation, resulting in a dimin-
ished potential to respond to chemoattractant molecules in
vitro. Nonetheless, we could not detect any abnormal leuko-
cyte emigration that applied two inflammatory in vivo models,
suggesting that SI00A8 and S100A9 molecules may be dispens-
able, at least for the inflammatory models investigated here.
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